Previously, we reported on the discovery and characterization of a mammalian chromatin-associated protein, CHD1 (chromo-ATPase/helicase-DNA-binding domain), with features that led us to suspect that it might have an important role in the modification of chromatin structure. We now report on the characterization of the Drosophila melanogaster CHD1 homologue (dCHD1) and its localization on polytene chromosomes. A set of overlapping cDNAs encodes an 1883-aa open reading frame that is 50% identical and 68% similar to the mouse CHD1 sequence, including conservation of the three signature domains for which the protein was named. When the chromo and ATPase/helicase domain sequences in various CHD1 homologues were compared with the corresponding sequences in other proteins, certain distinctive features of the CHD1 chromo and ATPase/helicase domains were revealed. The dCHD1 gene was mapped to position 23C-24A on chromosome 2L. Western blot analyses with antibodies raised against a dCHD1 fusion protein specifically recognized a '210-kDa protein in nuclear extracts from Drosophila embryos and cultured cells. Most interestingly, these antibodies revealed that dCHD1 localizes to sites of extended chromatin (interbands) and regions associated with high transcriptional activity (puffs) on polytene chromosomes from salivary glands of third instar larvae. These observations strongly support the idea that CHD1 functions to alter chromatin structure in a way that facilitates gene expression.
ABSTRACT
Previously, we reported on the discovery and characterization of a mammalian chromatin-associated protein, CHD1 (chromo-ATPase/helicase-DNA-binding domain), with features that led us to suspect that it might have an important role in the modification of chromatin structure. We now report on the characterization of the Drosophila melanogaster CHD1 homologue (dCHD1) and its localization on polytene chromosomes. A set of overlapping cDNAs encodes an 1883-aa open reading frame that is 50% identical and 68% similar to the mouse CHD1 sequence, including conservation of the three signature domains for which the protein was named. When the chromo and ATPase/helicase domain sequences in various CHD1 homologues were compared with the corresponding sequences in other proteins, certain distinctive features of the CHD1 chromo and ATPase/helicase domains were revealed. The dCHD1 gene was mapped to position 23C-24A on chromosome 2L. Western blot analyses with antibodies raised against a dCHD1 fusion protein specifically recognized a '210-kDa protein in nuclear extracts from Drosophila embryos and cultured cells. Most interestingly, these antibodies revealed that dCHD1 localizes to sites of extended chromatin (interbands) and regions associated with high transcriptional activity (puffs) on polytene chromosomes from salivary glands of third instar larvae. These observations strongly support the idea that CHD1 functions to alter chromatin structure in a way that facilitates gene expression.
It has become increasingly apparent that eukaryotic cells have evolved elaborate systems to enable gene expression to occur in the context of chromatin. Alteration of chromatin structure in the form of compaction or extension is associated with many inducible genes and with the heritable expression patterns of genes involved in development. Proteins that implement these changes in chromatin structure and their mechanisms of action are beginning to be elucidated. However, there is still much to be learned about the process of chromatin remodeling and the interactions of chromatin constituents with other components of the gene expression machinery.
Our interest in this problem arose when we discovered a novel mouse protein, called CHD1 (chromo-ATPase/helicase-DNA-binding protein 1), which contains three identifiable domains that are present in proteins known to be determinants of chromatin structure (1) . One of these domains, the 52-aa chromo (C) domain, is present in proteins that have been implicated in the process of chromatin compaction and the repression of gene expression (reviewed in refs. 2 and 3). Among these proteins are HP1, a 25-kDa protein that is mainly associated with pericentric/constitutive heterochromatin in Drosophila (2) and mammalian cells (4) , and Polycomb, a 44-kDa protein, which has been implicated in the repression of homeotic genes in Drosophila, presumably by participating in locus-specific chromatin condensation or gene sequestration (5) .
Another domain in CHD1 is a '500-aa ATPase/helicase (H) domain, which is present in a huge superfamily of proteins with a broad range of biochemical functions including transcriptional control, DNA recombination/repair, translation, and RNA processing. The CHD1 H domain is most closely related to the SNF2 family of proteins. Genetic and biochemical studies in yeast, Drosophila, and mammalian cells have implicated the SNF2 family of proteins as pleiotropic activators of transcription, presumably via their effect on chromatin structure (reviewed in refs. 6 and 7). These proteins are found in large multiprotein complexes with a combined molecular mass of >106 Da (8, 9) . Recent evidence has indicated that these multiprotein complexes can elicit an ATP-dependent alteration in the nucleosomal organization of certain promoters, thereby facilitating the entry of both gene-specific and general transcription factors (10) (11) (12) .
The third signature of CHD1 is its DNA-binding (D) domain, which has been localized to a 229-aa segment on the C terminal side of the H domain in mouse CHD1 (mCHD1; ref. 13 Fusion Protein Production and Antibody Purification. Rabbit polyclonal antibodies were raised against a glutathione S-transferase-ClaI-EcoRI fragment fusion protein (GST-CE) containing amino acid residues 1419-1644 of dCHD1. The fusion protein was produced as described previously (13) and purified by SDS/PAGE. Affinity-purified antibodies were isolated from the polyclonal antisera as described (13) (19) . The nuclei were extracted for 30 min at 4°C in either buffer B (18) containing 0.6 M NaCl or buffer HEMG (19) containing 0.6 M KCI. The extracts were centrifuged at 12000 x g for 20 min (18) or 100,000 x g for 1 hr (19) , and the supernatants were retained as the nuclear extract. Whole 0-to 24-hr embryo extracts were obtained by boiling dechorionated embryos in SDS/PAGE loading buffer. SDS/PAGE and immunoblotting were carried out as described (13) Polytene chromosome spreads were made according to the protocol of Zink et al. (20) from Oregon-R wild-type wandering third instar larvae. Squashes were stored in PBS/50% glycerol at -20°C overnight. Heat-shock spreads were obtained from larvae that had been placed in an Eppendorf tube and immersed in a 37°C water bath for 30 min. The immunostaining was carried out as described (13) (Fig. 1, underlined) . Similar stretches are also present in the amino terminal portion of mCHD1. Within highly conserved portions of the C domain (23) (24) (25) , the various CHD1 homologues exhibit similar variations at certain positions. One noteworthy example is in the sequence NTWEXE (Fig. 1, positions 380 Fig. 2C . In this analysis, we compared the C domain sequences of members of the CHD1, Polycomb, and HP1 families by progressive, pairwise alignments and looked for clustering relationships. Indeed, we found that the CHD1 C domain appears to constitute a distinct subgroup that diverged early in evolution from the HP1 and Pc subgroups, classified by Pearce and colleagues (25) .
The H domains of dCHD1 and mCHD1 are strikingly similar, both at the sequence level ( Fig. 2A) and at the level of the spacing of the seven highly conserved motifs (Fig. 1, I-VI (Fig. 2D) . The apparent novelty of the CHD1 H domain was also noted in a broad survey of H domain-containing proteins (28) .
The D domain previously characterized in mCHD1 is also present at a similar location in dCHD1 (Fig. 2A) . The two sequence motifs, D1 and D2 (Fig. 1 , shaded box and dashed underline; Fig 2A, small black boxes) , which were shown to be important for the sequence-selective DNA-binding characteristics of mCHD1 (13) (29) . To visualize the distribution of dCHD1 on polytene chromosomes, polyclonal antibodies were raised against a GST fusion protein that contained a C terminal fragment (residues 1419-1644) of dCHD1. This fragment was selected as an antigen to avoid crossreactivity with proteins containing related signature domains. The specificity of these antibodies was tested by an immunoblot analysis of embryonic nuclear and whole cell extracts (Fig. 3, lanes 1  and 2) . In both extracts the antibodies recognized a protein of 0200-210 kDa, which is the size predicted for dCHD1 (211, 629 Da). These bands were not seen when the antiserum was applied to cytoplasmic extracts, nor were they seen when preimmune serum was substituted for the antiserum. To eliminate antibodies with incidental crossreactivity to other Drosophila proteins, the anti-dCHD1 antibodies were affinity-purified by elution from a column containing the GST fusion protein.
The affinity-purified antibodies, which specifically recognized the 200-to 210-kDa protein in nuclear extracts from embryos and cultured Schneider cells (Fig. 3, lanes 3 and 4) (lanes 1 and 3) , a whole-embryo extract (lane 2), and a Schneider cell nuclear extract (lane 4) were subjected to SDS/PAGE and immunoblotting with anti-dCHD1 polyclonal antiserum (lanes 1 and 2) or affinity-purified antibodies (lanes 3 and 4). The sizes of marker proteins in kDa are indicated at the left. A minor band of slightly greater mobility was observed in certain nuclear extracts but was not evident in the whole-embryo extract, even after lengthy exposure of the autoradiograph. This band may represent a degradation product.
ization was revealed with the green fluorescent dye, fluorescein isothiocyanate. In superimposed images, a green signal is obtained where the protein is located on extended chromatin, and a yellow signal is obtained where the protein overlaps with compacted DNA. As can be seen in Fig. 4 , the dCHD1 staining was almost exclusively restricted to interband regions and certain puffs, where the chromatin is in the least compacted state. The distribution of CHD1 was locus-restricted in that not all of the interband/puff regions were immunostained (compare regions marked by open and closed arrowheads Fig. 4 C and  D) The chromocenter, which represents the heterochromatic satellite-centrosomal DNA, did not show any dCHD1 signal.
We were able to identify a number of the puffs that stained with anti-dCHD1 antibodies. These include developmental puffs (Fig. 4 C-E, labeled arrows) and heat shock-induced puffs (Fig. 4E) . Prominent among the developmental puffs brightly stained by CHD1 antibody are those that occur in response to pulses of the hormone ecdysone during the late larval and prepupal periods-e.g., puffs 75B, 74EF, 72D, 71DE, and 2B5. These puffs are correlates of the increased transcriptional activity of genes located within these loci (32, 33) . At each locus, the CHD1 stain appears to be evenly dispersed over the entire puff region. In polytene chromosomes from larvae that had been heat-shocked for 30 min, CHD1 was located at several heat-shock puff loci-e.g. 63C, 64F, 93D, and 95D. Interestingly, the localization of CHD1 on the prominent developmental puffs was not detectably altered by the heat-shock treatment (compare puffs 75B and 74EF in Fig. 4 C and D proteins, certain distinctive features of the CHD1 C and H domains were revealed. These features have been conserved over a long period of evolution; whether or not they have subtle functional consequences remains to be established. Among the CHD1 homologues, the extent of sequence divergence in the C and H domains is strikingly parallel to the evolutionary distance between organisms. (Fig. 2 C and D) .
The finding that CHD1 is almost exclusively located in regions of extended chromatin (interbands) and regions of intense transcriptional activity (puffs) strongly supports the idea that CHD1 facilitates gene expression by helping to maintain an open chromatin structure. The absence of CHD1 from the compacted chromatin of bands and the chromocenter is consistent with our previous observations of mammalian CHD1, which indicated that it is not present in the condensed centromeric heterochromatin of interphase cells and that it is off-loaded from chromatin when cells enter mitosis (13) . The fact that CHD1 is not located in all interbands indicates that it has locus specificity. This is also the case for related proteins, SNF2/SWI2, Brm, and Pc, which are involved in the regulation of discrete subsets of genes (3, 7) . Indeed, Brm and Pc exert antagonistic effects on the same subset of developmentally regulated genes.
Many of the developmental puffs that harbor CHD1 have been shown to be induced by the steroidal hormone ecdysone in the late larval period (reviewed in ref. 34 ). Ecdysone, bound to its receptor, is thought to stimulate the transcription of a set of early genes whose products up-regulate the expression of numerous late genes and down-regulate the expression of their own genes. Several of the ecdysone-responsive genes are exceptionally large, requiring more than an hour for the polymerase to traverse the entire gene (35) . It seems reasonable to suppose that special mechanisms might be needed to keep such genes in extended chromatin. The structural properties of CHD1 are well-suited for such a function. Interestingly, another H domain-containing protein, SNF2/SWI2, and its human homologue, hbrm, have been shown to influence transcriptional activation by the glucocorticoid receptor (36, 37) . Because the activation of genes by steroid hormones is believed to involve nucleosome reorganization, it has been theorized that the SNF2/SW12-like proteins may be at least partly responsible for these alterations. We hypothesize that CHD1 implements the activation of ecdysone responsive genes by helping to disrupt higher-order chromatin structure.
A comparison of the CHD1 interband/puff staining pattern with the patterns of other proteins that have been immunolocalized by similar protocols revealed some interesting similarities and differences. Like CHD1, RNA polymerase II and topoisomerase I are located mostly in interbands and puffs and are dispersed over the entire puff region (38, 39) . However, in contrast to CHD1, these proteins are depleted from developmental puffs under heat-shock conditions. The fact that CHD1 remains in developmental puffs after a 30-min heat-shock treatment would seem to indicate that the association of CHD1 with interphase chromatin is relatively stable and that its presence at a particular locus does not require concomitant transcriptional activity. The CHD1 staining is clearly differentfrom that of the boundary element protein, BEAF 32 (31), the heat-shock transcription factor, HSF (30) , and the B52 splicing factor (40) , all of which are located in discrete zones within or at the borders of puffs. Our previous studies of the DNAbinding activity of mCHD1 showed that it preferentially interacts with (A+T)-rich sequences and that multiple binding sites are present in a matrix/scaffold attachment region fragment from a mouse immunoglobulin gene (13 SNF2/SWI2/Brm proteins have been isolated from yeast, Drosophila, and mammalian cells as components of 2-MDa complexes (8, 9, 11, 41) , which in some cases may be associated with the RNA polymerase II holoenzyme (42) . Another H-domain protein, ISWI, has been identified as a component of a -500 kDa complex termed NURF, which is believed to participate in ATP-dependent chromatin remodeling at Drosophila heat-shock loci (43 In conclusion, the results presented here are very suggestive of a role for CHD1 in facilitating the transcription of certain loci, presumably by functioning to remodel chromatin architecture. The identification of a CHD1 homologue in an organism such as Drosophila, which is ideal for exploring genetic interrelationships, should help us greatly in our efforts to understand the action of this interesting protein.
